Major Depressive Disorder (MDD) is common and disabling, but its neuropathophysiology remains unclear. Most studies of functional brain networks in MDD have had limited statistical power and data analysis approaches have varied widely. The REST-meta-MDD Project of resting-state fMRI (R-fMRI) addresses these issues. Twenty-five research groups in China established the REST-meta-MDD Consortium by contributing R-fMRI data from 1,300 patients with MDD and 1,128 normal controls (NCs). Data were preprocessed locally with a standardized protocol prior to aggregated group analyses. We focused on functional connectivity (FC) within the default mode network (DMN), frequently reported to be increased in MDD. Instead, we found decreased DMN FC when we compared 848 patients with MDD to 794 NCs from 17 sites after data exclusion. We found FC reduction only in recurrent MDD, not in first-episode drug-naï ve MDD. Decreased DMN FC was associated with medication usage but not with MDD duration. DMN FC was also positively related to symptom severity but only in recurrent MDD. Exploratory analyses also revealed alterations in FC of visual, sensory-motor and dorsal attention networks in MDD. We confirmed the key role of DMN in MDD but found reduced rather than increased FC within the DMN. Future studies should test whether decreased DMN FC mediates response to treatment. Finally, all resting-state fMRI indices of data contributed by the REST-meta-MDD consortium are being shared publicly via the R-fMRI Maps Project.
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SIGNIFICANCE STATEMENT
Functional connectivity within the default mode network in major depressive disorder patients has been frequently reported abnormal but with contradicting directions in previous small sample size studies. In creating the REST-meta-MDD consortium containing neuroimaging data of 1,300 depressed patients and 1,128 normal controls from 25 research groups in China, we found decreased default mode network functional connectivity in depressed patients, driven by patients with recurrent depression, and associated with current medication treatment but not with disease duration. These findings suggest that default mode network functional connectivity remains a prime target for understanding the pathophysiology of depression, with particular relevance to revealing mechanisms of effective treatments. \body
INTRODUCTION
Major Depressive Disorder (MDD) is the second leading-cause of disability world-wide, with point prevalence exceeding 4% (1) . The pathophysiology of MDD remains unknown despite intensive efforts, including neuroimaging studies. However, the small sample size of most MDD neuroimaging studies entails low sensitivity and reliability (2, 3) . An exception is the Enhancing NeuroImaging Genetics through Meta-Analysis (ENIGMA) consortium which meta-and mega-analyzed thousands of structural MRI scans from MDD patients and healthy controls (4, 5) . The ENIGMA-MDD working group found a slight albeit robust reduction in hippocampal volume (4) and cortical thinning in medial orbitofrontal cortex (5) . However, this approach does not consider communication among brain regions, i.e., functional brain networks.
Abnormal communication among functional brain networks has been reported in MDD using resting-state fMRI (R-fMRI) functional connectivity (FC), which detects synchronized spontaneous activity among anatomically distinct networks. MDD studies have focused on the default mode network (DMN), which has been linked to rumination (6) . The first study focusing on the DMN in MDD reported increased DMN FC (7) , although similar studies found both increased and decreased DMN FC in MDD (8, 9) . Meta-analyses have reported increased DMN FC in MDD, albeit based on few studies (6, 10) . As summarized in SI Appendix, Table S1 , 38 studies have examined DMN FC alterations in MDD. Of these, 18
found increases, eight decreases, seven both increases and decreases, and five no significant changes. As shown in SI Appendix, Figure S1 , a voxel-wise meta-analysis of 32 8 studies revealed increased orbitofrontal DMN FC and decreased FC between dorsomedial prefrontal cortex (dmPFC) and posterior DMN in MDD. Such complex results may have contributed to prior inconsistencies.
Inconsistencies may reflect limited statistical power (2) from small samples, but data analysis flexibility may also contribute, as a large number of preprocessing and analysis operations with many different parameter combinations have been used in fMRI analyses (11) . MDD studies have used diverse multiple comparison correction methods, most likely inadequate (12) . Data analysis flexibility also impedes large-scale meta-analysis (6, 10) . Moreover, clinical characteristics such as number and type of episodes, medication status and illness duration vary across studies, further contributing to heterogeneous results.
To address limited statistical power and analytic heterogeneity, we initiated the REST-meta-MDD Project. We implemented a standardized preprocessing protocol on Data Processing Assistant for Resting-State fMRI (DPARSF) (13) at local sites with only final indices provided to the consortium. We obtained R-fMRI indices (including FC matrices) corresponding to 1,300 patients with MDD and 1,128 normal controls (NCs) from 25 cohorts in China. To our knowledge, REST-meta-MDD is the largest MDD R-fMRI database (see SI Appendix, Table S2 ). We used linear mixed models to identify abnormal FC patterns associated with DMN across cohorts, and investigated whether episode type, medication status, illness severity and illness duration contributed to abnormalities. 9 
RESULTS
Sample Composition
Contributions were requested from users of DPARSF, a MATLAB-and SPM-based R-fMRI preprocessing pipeline (13) . Twenty-five research groups from 17 hospitals in China formed the REST-meta-MDD consortium and agreed to share final R-fMRI indices from patients with MDD and matched normal controls (see SI Appendix, Table S3 for data composition;
henceforth "site" refers to each cohort for convenience) from studies approved by local Institutional Review Boards. The consortium contributed 2428 previously collected datasets (1300 MDDs and 1128 NCs) ( Figure 1 and SI Appendix, Tables S3-5 ). On average, each site contributed 52.0±52.4 patients with MDD (range 13-282) and 45.1±46.9 NCs (range 6-251).
Most MDD patients were female (826 vs. 474 males), as expected. The 562 patients with first episode MDD included 318 first episode drug-naï ve (FEDN) MDD and 160 scanned while receiving antidepressants (medication status unavailable for 84). Of 282 with recurrent MDD, 121 were scanned while receiving antidepressants and 76 were not being treated with medication (medication status unavailable for 85). Episodicity (first or recurrent) and medication status were unavailable for 456 patients.
Decreased DMN FC in MDD Patients
Individual-level imaging processing was performed at each site using standardized DPARSF processing parameters. After preprocessing, time-series for the Dosenbach 160 functional regions-of-interest (ROIs) (14) were extracted. Individual-level imaging metrics (i.e., ROI time-series and R-fMRI indices) and phenotypic data were then uploaded through the R-fMRI Maps Project (http://rfmri.org/maps) platform at the Institute of Psychology, Chinese Academy of Sciences for statistical analyses. We defined DMN ROIs as those overlapping with the DMN delineated by Yeo et al (15) . Average FC within the 33 DMN ROIs was taken to represent DMN within-network FC. We used the Linear Mixed Model (LMM) (16) Figure 2A ). On subgroup analyses, FEDN MDDs did not differ significantly from NCs (T=-0.914, P=0.361, d=-0.076, Figure 2B ), while DMN FC was significantly decreased in patients with recurrent MDD vs. NCs (T=-3.737, P=0.0002, d=-0.326, Figure 2C ). Significantly reduced DMN FC in recurrent MDD patients directly compared to FEDN MDDs (T=-2.676, P=0.008, d=-0.400, Figure 2D ) suggests the recurrent MDDs were the major contributors to decreased DMN FC in MDD.
Reduced DMN FC Was Not Associated with Illness Duration
Reduced DMN FC in recurrent MDD but not in FEDN MDD could reflect illness duration or medication history. We first tested the effect of illness duration in FEDN MDDs to reduce medication confounds. The tercile with longest illness duration (≥12 months, 70 MDDs from 2 sites) did not differ significantly from the tercile with shortest illness duration (≤3 months, 48
MDDs from the same 2 sites) in DMN FC (T=1.140, P=0.257, d=0.214, Figure 3A) . Similarly, when exploring in the entire sample, the tercile with longest illness duration (≥24 months, 186
MDDs from 4 sites) did not differ significantly from the tercile with shortest illness duration (≤6 months, 112 MDDs from the same 4 sites): T=1.541, P=0.124, d=0.184 ( Figure 3B ). Beyond chronicity, clinical subtypes could contribute to DMN FC. We examined subtypes characterized by core depression, anxiety, and neurovegetative symptoms of melancholia by mapping HAMD scale items to National Institute of Mental Health Research-Domain-Criteria (RDoC) constructs (17) . However, subtype analyses did not reveal any significant effects (see SI Appendix, Supplementary Results, Table S6 , Figures S5 and S6 ).
Medication Effect and Reduced DMN FC in MDD Patients
To further examine medication treatment effects, we contrasted first episode MDDs on Figure 3C ). When directly comparing 102 first episode MDDs on medication with 266 NCs from 2 sites, we found a non-significant effect (T=-1.614, P=0.108, d=-0.188). While FEDN MDDs showed higher DMN FC than recurrent MDDs as shown in Section 2.2, 102 first-episode MDDs on medication and 57 recurrent MDDs from 2 sites did not differ significantly (T=0.548, P=0.585, d=-0.091). This suggests that medication treatment might account for our overall finding of reduced DMN FC in MDD. However, we could not address whether currently unmedicated recurrent MDDs had been previously treated with antidepressants. We were also unable to examine treatment duration, as medication status was binary. 12 The association between DMN FC and HAMD scores was tested on 734 MDD patients (excluding remitted patients with HAMD scores below 7) from 15 sites and was not significant (T=1.591, P=0.112, r=0.059). The effect of symptom severity was not significant in FEDN MDDs (N=197, 3 sites; T=-0.158, P=0.874, r=-0.011), but significant in recurrent MDDs (N=126, 4 sites; T=2.167, P=0.032, r=0.194).
Association of DMN FC with Symptom Severity
Reproducibility
We assessed reproducibility through several strategies (SI Appendix, Table S7 ). 1) Using another functional clustering atlas generated by parcellating whole brain R-fMRI data into spatially coherent regions of homogeneous FC (i.e., Craddock 13 the medication effect (T=-1.891, P=0.060, d=-0.261), and symptom severity in recurrent MDD (T=1.741, P=0.084, r=0.157). This overall confirmation is important since the global signal has been viewed as reflecting spurious noise (20) , and its standard deviation differed significantly between MDDs and NCs (T=-2.662, P=0.008, d=-0.131). 4) For head motion control, despite already incorporating the Friston-24 model at the individual level and a motion covariate at the group level in primary analyses, we also used scrubbing (removing time points with framewise displacement >0.2mm (21) to verify results. All results remained the same using this aggressive head motion control strategy. Figure 4A , SI Appendix, Table S8 ). We further explored which subgroups contributed to these 6 abnormal within-and between-network connections by performing subgroup analyses. FEDN MDDs only demonstrated significant decrease in within-network connectivity of VN after FDR correction ( Figure 4B ). Recurrent MDDs demonstrated the same abnormal pattern as the whole group, confirming again they were the major contributors ( Figure 4C ). This was further supported by the direct comparisons between recurrent MDDs with FEDN MDDs, which showed lower within-network connectivity of DMN and between-network connectivity of VN-SMN and SMN-DAN in recurrent MDDs ( Figure 4D , SI Appendix, Table S9 ). Similar to the primary DMN analysis, we did not find any significant illness duration effect, whether within the whole group or within FEDN MDDS (SI Appendix, Table S9 ). When comparing MDDs on medication with FEDN MDDs, reduced within-network connectivity of DMN and between-network connectivity of SMN and DAN was found in MDDs with medication ( Figure 4E ). Finally, none of the withinand between-network connectivities correlated significantly with illness severity (HAMD) after correction (SI Appendix, Table S10 ).
Exploratory Findings of Brain Networks Beyond DMN
DISCUSSION
Using an unprecedentedly large sample, we found decreased instead of increased FC within the DMN in MDD compared with NCs. However, this effect was only significant in recurrent MDD whether vs. controls or patients with FEDN MDD. Furthermore, decreased DMN FC in recurrent MDD was associated with being scanned on antidepressant medication rather than illness duration. DMN FC was also positively related to symptom severity but only in recurrent MDD. Exploratory analyses revealed increased ReHo in left DLPFC in FEDN MDD, and decreased ReHo in bilateral primary motor cortex in recurrent MDD.
Our primary results contradict the prevailing notion that DMN FC is increased in MDD (6, 10) .
Several factors may account for this discrepancy. 1) Prior studies have also reported decreased DMN FC in MDD (see SI Appendix, Table S1 ). Our voxel-wise meta-analysis of 32 studies (SI Appendix, Figure S1 Results and Figure S7 ). Finally, most studies reporting increased DMN FC in MDDs, albeit inconsistently, were conducted in Caucasian samples, while our sample was homogeneously Chinese. Ethnic differences may have contributed, as east Asians report lower lifetime prevalence of MDD (1), more somatic symptoms and fewer psychological symptoms (23), and differ in MDD risk genes (24) . International studies will need to address this question.
In subgroup analyses, we only found decreased DMN FC in recurrent MDD patients, with nearly twice the effect size of the whole-group (d=-0.326 vs. -0.186). Similarly, ENIGMA-MDD found a robust reduction in hippocampal volume (a key DMN node) only in recurrent MDD and not in first episode MDD (4) . Illness duration in recurrent MDD was significantly longer than in FEDN MDD (Z=6.419, p<0.001), but it was unrelated to DMN FC on direct
comparisons. An early MDD study (7) found that DMN FC was positively correlated with current episode duration but this was not confirmed subsequently (9, 25) . We conclude that illness duration is likely unrelated to DMN FC. However, longitudinal studies are needed to determine whether DMN FC changes over the course of depressive episodes.
Decreased DMN FC in recurrent MDD was associated with antidepressant medication treatment. We confirmed that first episode MDDs scanned while on medication had decreased DMN FC than FEDN MDD. This result aligns with studies of antidepressants on DMN FC in MDD (26) , dysthymia (27) , and in healthy individuals (28) . In MDD, antidepressant treatment for 12 weeks reduced posterior DMN FC (26) . In patients with dysthymia, 10 weeks of duloxetine treatment reduced DMN FC (27) . In healthy individuals, duloxetine for 2 weeks reduced DMN FC and improved mood (28) . Our finding of medication-associated reduction in DMN FC suggests antidepressant medications may alleviate depressive symptoms by reducing DMN FC. This medication effect (effect size d=-0.362) might also underlie the contradiction between our finding of reduced DMN FC in MDD and prior meta-analyses. However, this medication effect was observed in a retrospective cross-sectional sample that cannot be stratified by class, dosage, or length of use, thus has it to be confirmed using longitudinal designs with medication follow-up.
We did not find significant associations between DMN FC and symptom severity in all MDDs nor in FEDN MDDs. However, symptom severity was positively correlated with DMN FC in recurrent MDDs. Similarly, a prior report (29) found a positive correlation between DMN FC in a specific frontal subcircuit and illness severity in MDDs (half treated with medication). Our finding may reflect medication effects in recurrent MDD (the effect was stronger in recurrent MDDs on medication: N=40, 2 sites; T=3.268, P=0.003, r=0.489): the greater the medication benefit (indicated by lower HAMD score), the more DMN FC was reduced. However, this finding should be interpreted with caution, as these small sample size secondary analyses might not reflect a true effect (2) . Additionally, this result was not consistently confirmed with other parcellations (see SI Appendix, Table S7 ). More importantly, testing this hypothesis requires longitudinal follow-up of medication effects.
To extend beyond the DMN, we explored other brain networks defined by Yeo et al. (15) . We found decreased FC within VN, SMN and DMN. Task-based fMRI studies have reported abnormal neural filtering of irrelevant visual information in visual cortex in MDD (30) . R-fMRI studies have also found reduced VN FC in MDD patients (31) , suggesting abnormal processing in the visual cortex in MDD. For SMN, a previous meta-analysis (32) reported reduced regional homogeneity in depressed patients, which could underlie psychomotor retardation, a core clinical manifestation of MDD (33) . Besides changes in within-network FC, we also observed decreased between-network FC involving VN, SMN and DAN. The reduced FC of the SMN with the VN and DMN may be interpreted as the neural underpinnings of the pervasive influence of psychomotor retardation on attentional processes, as revealed by previous studies (34) . Similar to the primary analyses focused on the DMN, most of these other alterations in FC were contributed by recurrent MDD patients, which needs to be confirmed by future longitudinal designs.
Study limitations include an exclusively Chinese sample, with unknown generalization to other populations. As a next step, we plan to analyze UK Biobank MDD data (35). In addition, in conjunction with the ENIGMA-MDD consortium (36), we are inviting international MDD researchers to join the REST-meta-MDD Project to identify ethnicity/culture-general and ethnicity/culture-specific abnormal brain patterns in MDD. Second, we could not address longitudinal effects, such as response to treatment. We anticipate the REST-meta-MDD consortium will perform coordinated prospective longitudinal studies. Third, medication treatment was binary; future studies should quantify cumulative doses and include non-pharmacologic treatments. Finally, our findings require independent replication (11) . To improve transparency and reproducibility, the analysis code has been openly shared at https://github.com/Chaogan-Yan/PaperScripts/tree/master/Yan_2018. Upon publication, the R-fMRI indices of the 1300 MDD patients and 1128 NCs will be openly shared through the R-fMRI Maps Project (LINK_TO_BE_ADDED). These data derivatives will allow replication, secondary analyses and discovery efforts while protecting participant privacy and confidentiality. Future independent efforts could include generating neural biotypes of MDD (37), performing dynamic FC analysis and data mining with machine learning algorithms.
In summary, based on the largest R-fMRI database of MDD, we confirmed the key role of the DMN in MDD, identifying a reduction of DMN FC in patients with recurrent MDD. This reduction appears to reflect medication usage rather than illness duration. These findings suggest that the DMN should remain a prime target for further MDD research, especially to determine whether reducing DMN FC mediates symptomatic improvement. 
Statistical Analyses
We used the Linear Mixed Model (LMM) to compare MDDs with NCs while allowing site-varying effects. LMM describes the relationship between a response variable (e.g., DMN FC) and independent variables (here diagnosis and covariates of age, sex, education, and head motion), with coefficients that can vary with respect to grouping variables (here site) (16) .
We utilized MATLAB's command fitlme 
Subgroup Analyses
Several sites reported whether patients with MDD were in their first episode (and drug-naï ve) 21 or recurrent. We compared 232 FEDN MDD patients with 394 corresponding NCs from 5 sites. We also compared 189 recurrent MDD patients with 427 corresponding NCs from 6 sites. To compare 119 FEDN MDD patients with 72 recurrent MDD patients from 2 sites, we replaced Diagnosis with FEDN or recurrent status in the LMM model.
Analyses of Effects of Illness Duration, Medication, and Symptom Severity
As the distribution of illness duration was skewed (most were brief), we contrasted the 
